In this paper, we demonstrate the possibility of generating high-temperature gradients with a linear temperature profile when heating is provided in situ. Thanks to improved optimization algorithms, the shape of resistors, which constitute the heating source, is optimized by applying the genetic algorithm NSGA-II (acronym for the non-dominated sorting genetic algorithm) ( Rev. E 75 046302). Digital microfluidics is a critical area in the field of microfluidics (Dreyfus et al 2003 Phys. Rev. Lett. 90 14) as well as in the so-called lab-on-a-chip technology. Through an example, the large application potential of such a technique is demonstrated, which entails handling a single bubble driven along a cavity using simple and tunable embedded resistors.
Introduction
Controlling temperature within a 'lab-on-a-chip' setup, and especially locally, represents a major constraint for chemical and biochemical applications [2] . Achieving such control may yield considerable potential applications for studying a system in which temperature control needs to be carefully performed on a small scale, including thermodiffusion [6] and thermotaxis [7] , to name just a couple. In this paper, we will remain quite focused on issues raised by the area of digital microfluidics. Droplets and bubbles display the advantage of being units of a controlled volume and may be viewed as microreactors with practically no cross-pollution at the microchannel walls. Handling these units requires control over elementary operations, such as droplet/bubble merging, break-up, transport, redirection and storage. A wide array of effective approaches exists for handling droplets/bubbles within a microsystem, by use of electrowetting [8] and surface acoustic waves [9] . In this paper, we will concentrate specifically on droplet transport by means of thermocapillary actuation [10] [11] [12] [13] [14] [15] . Most papers in the literature that deal with thermocapillary actuation examine the modification of the contact angle of a droplet placed on a substrate [11, 12] , which leads to a flow driven by a pressure gradient inside the droplet, along with the addition of thermocapillary tangential stress at the interface. In these cases, droplet displacement is correlated with an on/off resistor switch sequence. The purpose of this work is to develop a system capable of generating a controlled temperature profile, e.g. one that is constant within a single cavity as part of the framework for producing thermocapillary forces. This research relates to microfluidic actuation issues, in which displacement is obtained solely through tangential Figure 1 . Path of the analysis showing the interdependence of the experimental setup (indicating experimental characteristics in terms of heat transfer), the optimization algorithm (indicating a resistor pattern) and the COMSOL finite element code (indicating the thermal response of the system, in accounting for both the experimental parameters and the resistor geometry).
stress at the interface. To achieve this purpose, we propose a tool dedicated to optimizing a resistor pattern, which heats the liquid by means of the Joule effect and, in doing so, it is able to generate a constant temperature gradient along a cavity. It should be noted that Baroud et al [4] also reported on a study involving a droplet heated locally at the tip of the droplet by a laser, wherein displacement was due to tangential stress at the interface. In our experiment however, we seek to generate a linear temperature profile.
There are two specific frameworks concerning the study of the temperature gradient: a thermocapillary study using Hele Shaw geometry and studies within the context of microsystems. In the first case of a thermocapillary study, the highest reported constant temperature gradient [16] equals approximately 1 K mm −1 for a cavity of 2 mm height. Regarding the domain of microfluidics, Baroud et al [4] obtained a temperature decrease of about 5 K over a distance of 20 μm; heat however was provided at the tip of the droplet and the temperature was considered equal to room temperature 100 μm away from the laser focus. Mao et al [17] reported an experiment in which a collection of parallel microfluidic channels are set at different temperatures giving transversally to the channels a linear temperature profile of roughly 6 K mm −1 , yet the temperature profile was generated by using two channels placed on either side of the microfluidic channels.
Other experiments described in the literature concerning microfluidics, in terms of two-phase flow actuation, do not (as far as we know) provide the temperature gradient, but instead just the local temperature level. In this work, our aim is to offer a system capable of generating a linear temperature profile that is straightforward to integrate and tune. The path of the reported work program is shown on the diagram in figure 1 .
In the first step, the characteristics of this experimental setup will be described in order to establish the physical parameters used for the optimization procedure (dimensions of the various system layers, material heat conductance, heat flux at the interfaces, etc). The optimization stage is actually intended to determine resistor geometry while keeping all other parameters fixed. The resistor is composed of parallel wires connected in series (see figure 2) . The wire width imposes thermal losses and, consequently, the local heat density flux. The parameters to be optimized consist of the widths of both the wires and the slits located between the wires (these parameters serve to allocate the number of wires placed at the bottom of the cavity) (see figure 3) . Resistor pattern optimization is achieved by combining two numerical tools: the genetic algorithm, NSGA-II (acronym for the non-dominated sorting genetic algorithm), proposes a geometrical configuration of resistors while the COMSOL 3.4 finite element software evaluates the corresponding thermal response of the system, including the physical parameters previously set. The procedure adopted to derive an optimized pattern will be presented later in this paper. We have performed an experimental analysis in providing a linear temperature profile that proves to be consistent with the profile obtained from COMSOL. The thermal response has been measured using a thermally sensitive fluorophore, Rhodamine B, which is commonly introduced to measure temperature inside a microfluidic system [2, 3] . Rhodamine B fluorescence is in effect quenched as temperature increases (figure 4) [2, 17] . After calibration and through the use of image processing techniques, it becomes possible to extract the temperature profile along the cavity. Within the scope of an actuation step, thermocapillary phenomena will be discussed from the perspective of how a single bubble travels along the cavity.
Numerical part: determination of an experimental configuration

Characteristics of the experimental setup
The experimental setup will be presented in this section. Knowing the value of each geometric parameter (i.e. the thickness of each layer) as well as the physical properties of each layer will allow calculating the thermal response of the entire system using COMSOL 3.4 (details will be provided in section 2.2.2 and are shown in figure 5 ).
The complete setup is schematically depicted in figure 6 . On a glass substrate, resistors have been placed in order to heat the fluidic cavity (figure 5). These electrical resistors are produced by evaporating chromium (15 nm) and gold (150 nm) on the glass wafer, thereby generating a resistance of approximately 16 k , and then further etched using S1818 photoresist following UV exposure through a mask. Etching entails two steps: (i) the first creates a connection between heating resistors and the power supply (in gold: high electrical conduction, with a negligible Joule effect) and (ii) the second step comprises the building of optimized resistors. The cavity has been electrically isolated from the resistor by means of spin coating a thin (30 μm thick) layer of PDMS.
The cavity is produced using standard processes for PDMS microsystems [19] . Both the microchannels and cavity are made of PDMS (RTV 615 at a rate of 1:10) and given a height of 25 μm. A mold has been fabricated using SU8 3025. The cavity dimension equals 2500 μm (along the x direction) by 1500 μm (along the y direction) in the horizontal plane, which leads to a Hele Shaw cell structure. The whole microsystem is fixed onto a glass substrate positioned on an aluminum block of 2 cm thickness, for the dual purpose of dissipating heat and avoiding an increase in mean temperature over time (figure 4). Heating is provided by the resistors; the thinner the wires, the higher the level of resistance and, to a similar extent, the higher the local heat flux.
Shape optimization
Let us now turn to optimizing the resistor shape in order to produce a linear temperature profile inside the cavity. This optimization step is performed by combining two numerical methods: (1) a genetic algorithm (NSGA-II [20] ) outputs a geometry defined by means of a parameter series (with the widths of both the resistors and slits between the resistors contained in this series), called an individual, and (2) the thermal response of this individual is then more extensively evaluated using COMSOL 3.4, by means of finite element calculations. One of the advantages associated with the genetic algorithm is the output of a collection of satisfactory solutions (Pareto fronts). In our case, this feature will make it possible to choose a solution imposed by the number of wires that need to be placed, which for microfabrication purposes proves to be a key point. Our work has incorporated NSGA-II since this algorithm is well adapted to multiphysics problems. The true benefit of this kind of algorithm actually lies in carrying out multiobjective optimizations [21] . For this reason, the algorithm has been coupled with COMSOL, which often requires a multiobjective approach to multiphysics problems. In this manner, we are able to propose a tool adaptable to other optimization problems, including multiphysics problems. The following section will detail the principle behind this algorithm.
Genetic algorithm.
The algorithm used for this optimization procedure is of the genetic type and has been based on Darwin's evolution theory; it is known as NSGA-II [1] . This algorithm contributes to a global approach by means of sweeping the entire optimization field in order to find optima.
In the following discussion, an individual has been defined by a set of 30 (shape) parameters, composed of the local width of resistor wires and the width of slits located between these wires; the setup leads to a maximum of 15 resistors inside the cavity. This parameterization layout is displayed in figure 3 . A population, or generation, is constructed from 80 individuals, and the optimization calculation is performed over 1000 generations.
As a first step, an initial population is created by choosing individuals within the variable optimization field (where the acceptable wire width is bounded between 5 and 500 μm) in accordance with a uniform distribution. Each individual of the population is then evaluated by calculating the objectives and constraints using a finite element calculation, i.e. the thermal response of the individual is measured (see the following subsection) in order to establish a ranking of individuals in this population. Such a ranking enables selecting the best individuals.
The genetic feature of this algorithm is described next. Pairs of chosen individuals, extracted from this ranking, are formed; each individual can either undergo a genetic mutation (i.e. some of the 30 parameter values being randomly modified [20] ) or be paired with another individual. In the latter case, the two individuals are crossed (meaning that 15 parameters of each parent are randomly extracted) in order to give birth to two other individuals. Due to the randomness of these two stages, it is possible to avoid freezing the solution at a local optimum. Subsequently, the resultant population is once again evaluated and ranked, with the best individuals being chosen to create the next generation.
This cycle gets repeated until a predefined number of generations has been obtained, thus forming a 1000-generation loop in the research reported. Each individual, defined by a set of 30 parameters, is evaluated by the following criteria. (1)
L is the mean temperature gradient to be maximized, where T c is the relative temperature (with respect to room temperature) at the bottom of the cavity and n = 2000 is the number of elements in the spatial discretization along the length of the cavity (n = 0 corresponds to x = 0 μm and n = 2000 to x = 2500 μm.
is the criterion for the linear temperature profile (i.e. C 2 measures the departure from a linear profile); this criterion must be minimized in order to yield a temperature profile as close to a linear profile as possible, with T i l being a linear temperature profile of the same gradient as T i c and with the same minimum temperature:
Finite element calculation on each individual.
Once the shape parameters have been established for an individual, the thermal response of the corresponding configuration is assessed using the COMSOL finite element software. The calculation is performed for a 2D geometry since the transverse length (along the y direction) is large enough to consider variations along y to be negligible (with no boundary effects). The resistor wires are placed in series. The gold layer corresponds to both resistor wires and external connections, and the corresponding thermal losses are negligible, i.e. external electrical connections do not disturb the temperature field inside the cavity. Heat is only input through the chromium layer, depicted on the pattern shown in figure 3 . Figure 5 shows the boundary conditions corresponding to the system described in section 2.1 as regards dimensions, heat conduction parameters of materials and heat transfer at interfaces. Material conductivity values are given in table 1. The boundary conditions are directly introduced into the finite element software program. Since the Biot number of the aluminum part
−2 m is the characteristic length of the aluminum part, defined by the ratio of the volume to surface area of the part) is much less than 0.1, it is assumed that the temperature remains uniform within the aluminum part. The glass wafer is coated by thermal paste in order to become thermally connected to this aluminum part. It is thus possible to set the temperature below the glass wafer to that of aluminum, i.e. at room temperature, since the heat power Figure 7 . Non-dimensionalized temperature profile obtained numerically for the geometry depicted in figure 3 . x is the position along the cavity and T e /max( T e ) is the relative temperature difference ratio rescaled by the maximum difference.
level does not lead to any significant temperature rise in the aluminum part (see the silica glass wafer/aluminum edge in figure 5 ). The calculation is carried out over a width thrice that of the resistor; the corresponding boundary conditions associated with these edges call for a conduction heat flux equal to zero (PDMS/air edges on both left-and right-hand sides in figure 5 ):
The convective heat flux density on the upper part of the system is modeled by the following flux:
where T ∞ is the room temperature and h = 5 W m −2 K −1 is the thermal exchange coefficient at the upper interface between PDMS and air. The boundary conditions between each solid part of the entire system constitute a continuous temperature and heat flux. The wire heat losses are modeled by a local flux density, whose value depends on both the electric current I and the local resistance of the wire considered (denoted by R k ):
where φ r is the heat flux density associated with the Joule effect into the resistor wires, L and l k are the resistor lengths, respectively, along the y-and x-axes, e is the resistor wire thickness along z, U is the applied voltage and m is the number of wires composing the resistor. This flux depends on the geometrical cross-section; more precisely, the metal thickness e remains constant, meaning that the flux depends solely on the resistive element width l k varying along the x-axis. The finite element calculation output consistently includes the temperature distribution over the meshed geometry. Further below, we will focus on temperature along the bottom surface, i.e. along the x-axis, of the cavity. Figure 7 shows the temperature profile calculated from the geometry presented in figure 3 . From the temperature distribution derived, the criteria C 1 (mean temperature gradient criterion) and C 2 (quasi-linear profile criterion) defined in section 2.2.1 may be calculated; these values allow both comparing different individuals and defining dominant solutions, such as Pareto (see below) [1] . figure 8(b) ) represents the values of both C 1 and C 2 for each individual from the previous generation of the optimization process. As mentioned in section 2.2.1, each individual is evaluated as a function of selective criteria. The goal of the simulation therefore is to identify solutions to the C 1 , C 2 couples whose C 1 value is maximized when C 2 is minimized. In other words, improving one value leads to degradation of the other (i.e. optimal in the Pareto sense). We have extracted a solution from this Pareto front since the individual yielded satisfactory criteria for both the linear profile and the mean temperature gradient profile. The advantage with the selected geometry is that only five wires are needed for a cavity of 2.5 mm width, which serves to reduce manufacturing complexity. The corresponding geometry of this individual can be seen in figure 3 .
Experimental validation
Temperature measurement procedure
Calibration (uniform temperature inside the cavity).
The temperature is measured according to an optical technique [2, 17] , i.e. by using the sensitivity of Rhodamine B fluorescence to temperature; the increase in temperature leads to a decrease in Rhodamine fluorescence [2] . In other words, temperature quenches its fluorescence. In order to calibrate the fluorescence of Rhodamine B versus temperature, we have introduced the same microfluidic cavity as that used for the results presented earlier, although the heating resistances are not being supplied. As a means of thermalizing the solution, the wafer is placed on a temperaturecontrolled aluminum block. The lower wafer surface is then coated with thermal paste so as to ensure temperature continuity between the wafer and the aluminum block. To control its temperature, this block is thermally insulated on its lateral surfaces as well as its lower surface; the machining of a serpentine drilled inside the block serves to circulate water at a temperature regulated by a thermostat. It is thus considered that the block temperature remains homogeneous and, along the same lines, so does the temperature of both the wafer and the solution containing Rhodamine B.
The effort to calibrate this dependence of fluorescence on temperature required us to use the same set of optical equipment as for the measurement discussed in section 3.1.3, i.e. an Olympus BX60 microscope fitted with a mercury lamp light and a set of filters for Rhodamine B (with excitation at 550 nm, the measurement is filtered by a 580 nm high-pass filter [2, 17] ). Image acquisition is performed using the NIH Image software application via a COHU video camera plus a Frame Grabber FG-3 acquisition card with 256 gray levels. The calibrated solution is Rhodamine B diluted to a concentration of 0.1 mM in deionized water to which a carbonate buffer solution at pH 9.6 has been added (diluted to 0.25 M). The procedure to calibrate the thermal response consists of the following: (1) prior to each measurement, the cavity solution is replenished; (2) the microscope diaphragm is set below saturation; (3) an image is taken at room temperature (295 K); (4) water reserved for the thermalization process of the aluminum block is warmed and the pump switched on; (5) once the temperature of the aluminum block and cavity has reached the steady state, the microscope light is turned on for about 1 s for image acquisition; and (6) the loop restarts from step (4) for the next data acquisition. Once the entire temperature range has been covered, the warm-up is switched off and a final image is taken at room temperature, i.e. at 295 K.
Two images exist, whose intensity corresponds to room temperature, one acquired before the beginning of the measurement series and the other after. We are thus able to verify that the photobleaching of Rhodamine B remains of negligible impact.
The curve of resulting intensity (as normalized by the intensity at 295 K) versus temperature is shown in figure 4 . Each dot corresponds to an average intensity value over three regions of 50 × 50 pixels in size extracted at both extremities and the center of the image cavity. A third-order polynomial fit leads to the following relation:
where T is the temperature and I is the fluorescence intensity normalized by its value at 295 K. The variation in intensity with temperature is reversible; this feature was verified during calibration (new acquisition at 295 K after all measurements had been conducted). The standard deviation of dots from the polynomial fit provides an estimate of the temperature measurement precision, i.e. around 0.9 K.
Studies of disturbances capable of inducing temperature measurement bias.
To close this section on calibration, special attention has been paid to exclude measurement bias. We have identified three phenomena that could skew this calibration: (1) adsorption of Rhodamine B into the PDMS surface cavity, (2) top wall shrinkage under its own weight since the geometry is a Hele Shaw cell (i.e. displaying a high aspect ratio) and (3) deformation of PDMS under thermal stress. Concerning the first phenomenon, a series of measurements were carried out at a given power level, i.e. at a fixed temperature over various times, ranging up to a few hours, subsequent to initial cavity filling. It could be observed that the measured temperature was substantially constant, thereby leading to the conclusion that adsorption of Rhodamine B was negligible. In order to exclude bias from top wall shrinkage, we analyzed the deformation of a cavity of 24 × 1500 × 2500 μm 3 when loaded. We were actually able to show that temperature measurement is not biased by cavity deformations. It is indeed possible to measure cavity deformation as a function of loading (i.e. applied pressure) using Rhodamine B fluorescence. The light intensity ratio indicates the ratio of cavity heights before and after loading ( figure 9(a) ). agreement was found between the calculated and experimental data. It is thus possible to study cavity deformation under its own weight without loading, by use of the finite element method. Our experiments applied no pressure; hence, the weight of the PDMS portion only deforms a fraction of a micrometer. Lastly, regarding PDMS deformation under thermal stress, in the vertical (or z) direction, the deformation induced by the temperature increase can be written as follows: δL = αeδT , where α is the dilation coefficient of PDMS, e is the cavity height and δT is a typical relative temperature recorded at the cavity extremities. Considering the following numerical values α = 10 −5 K −1 , e = 25 × 10 −6 m and δT = 40 K leads to δL = 25 × 4 × 10 × 10 −6 × 10 −5 = 10 −8 m. This very small value makes it possible to neglect such a phenomenon.
Measurement of the thermal response using optimized resistors.
Based on the previous calibration exercise, it is now possible to measure the thermal response of the optimized resistors. The system support has changed. We still use an aluminum block, but this one has not been thermally insulated for the purpose of enabling dissipation of heating power. Moreover, it can only measure to a thickness of 2 cm. Image processing involves comparing two series of pictures: one taken before heating and the other captured after the transient stage when the temperature becomes constant, i.e. after 10 s, with the asymptotic regime being reached after 2 s (figure 10). The solution is replenished between each measurement, like for calibration. Using the calibration given in equation (5), it is then possible to extract the temperature profile from light intensity, under the same experimental conditions as those described at the beginning of section 3.1. This measurement is processed on each pixel in order to extract the temperature distribution over the entire cavity ( figure 11) .
The images are then compared to the initial image before warming, which corresponds to a constant temperature of 295 K (figure 10), thus yielding a relative measurement. Figure 12 shows that the resulting temperature gradient is a linear function of power supply, which offers consistency since the heat conduction problem is linear. The applied power supply varies from 200 to 500 mW, indicating the possibility of generating a very intense temperature gradient (up to 11 K mm −1 ) for a relatively low power supply. Figures 7 and 13 display the temperature profiles along the cavity obtained respectively by the numerical and experimental methods. Both profiles are linear, which reveals a good level of agreement. The experimental transient regime requires 2 s to reach an asymptotic regime, even though 90% of the asymptotic value has been reached during the first second. In addition, the temperature gradient is 1D since the temperature is quasiconstant in the z direction, and even in the case of a flow, diffusion dominates convection (P e ∼ 0.05 with a cavity filled by water for a typical velocity of 1 mm s −1 ).
Application: bubble driven by thermocapillarity
We will now turn to an application in which the linear temperature gradient is introduced in order to displace a bubble along a cavity. Surface tension depends on temperature, i.e. by applying a temperature gradient, surface tension along the bubble surface is no longer constant (see figure 14) . This condition implies the following equation for tangential stress [22] : where τ is the tangential stress, γ is the surface tension, is the surfactant concentration on the bubble interface and ∇ S is the surface gradient. This equation contains two physical origins for the tangential stress: the first contribution stems from the surface tension, which is dependent on the temperature, while the second is generated from the surfactant gradient concentration at the interface. The surfactant concentration along the interface actually depends on both the diffusion exchange of interface surfactants with the bulk surfactants and the diffusion and advection of surfactant molecules along the interface [22] . This displacement of surfactant molecules by advection induces a surfactant concentration gradient along the interface, leading to additional gradient surface tension.
In our experiments however, this term is negligible in comparison with the first term since surfactant concentration can be considered as a constant (this result has been derived by computing the surfactant distribution obtained from the velocity field generated by the first term). As regards the first term in equation (6) , figure 14 shows that surface tension decreases linearly with temperature (as measured according to the Wihelmy method). This finding implies that the term ∂γ /∂T can be set to a constant value of 1.8 × 10 −4 K m −1 . Consequently, the tangential stress of thermocapillary origin along the interface features a characteristic intensity of ∂γ /∂T · ∇T ∼ 1 Pa for a temperature gradient of 5.5 K mm −1 along the cavity. Furthermore, assuming that the temperature profile is linear (T = ∇T · x + T 0 , where ∇T is the mean temperature gradient) leads to the following tangential stress along the bubble perimeter:
where θ is the angle between the line defined by the bubble center and the point considered at the interface and the x direction, and − → t is the tangential vector at the interface. As a result of this flow configuration, a trapped bubble (figure 15) could be driven from one side of the cavity to the other. It is in fact possible to initiate the displacement of such a small entity, thanks to interfacial thermocapillary tangential stress. In order to fill the cavity with one or several bubbles, we relied upon the experimental device shown in the diagram in figure 16 ; it consists of a flow-focused part [23] that generates isolated bubbles in the liquid phase. This two-phase flow is driven toward the cavity by means of a capillary tube. To stop the flow, the capillary tube is unplugged once a bubble train fills the cavity. The power supply for the resistor is then switched on and bubble displacement is monitored using a COHU video camera. Figure 15 offers a (2 Hz frequency) stack of singlebubble displacement images. The bubble velocity is calculated at various times, which allows measuring the mean bubble velocity at a given temperature gradient. Figure 17 presents the bubble velocity as a function of bubble diameter at a mean temperature gradient of approximately 1.4 K mm −1 , revealing a linear trend. Furthermore, we have verified that while no interface exists (since the cavity is completely filled and seeded with fluorescent beads of 4 μm in diameter without any bubbles), no movement could be observed, underscoring the fact that movement stems from the presence of an (air/liquid) interface in the cavity. We have demonstrated that it is indeed possible to handle a dispersed phase by applying an easy-to-integrate temperature gradient into a microsystem. This approach may have potential applications for 'lab-on-a-chip' uses.
Conclusion
In this paper, we have demonstrated that it is possible to control temperature and develop a high-amplitude linear temperature gradient inside a microfluidic cavity; this work constitutes a useful tool in the domain of multiphase actuation since such a gradient leads to thermocapillary phenomena. Bubbles have been successfully displaced using thermocapillary effects with constant velocity. It is worth noting that electric consumption remains relatively low (less than 500 mW for gradients of around 10 K mm −1 ), which is a characteristic compatible with the expected use of such actuation in transportable systems. The procedure employed to achieve this level of control is robust, low cost and is easy to produce.
Moreover, such a resistor can be used for any chemical or biological agent requiring a linear temperature gradient. In particular, this procedure provides an efficient technique for applications in need of controlled temperature and ease of tuning. This system indeed offers the possibility of placing microchannels in parallel with one another at different temperatures using just one actuator. Such a result should be achieved by positioning the microchannels perpendicular to the temperature gradient direction. It then becomes possible to specify a precise temperature in each channel (on a global zone 2.5 mm wide) as well as to vary temperature over a relatively short characteristic time (approximately 2 s).
Beyond the scope of this paper, we feel that combining these two numerical tools can be adapted to other types of optimization procedures requiring a multiobjective approach, a situation often encountered in multiphysics problems and especially in microfluidics. To this end, we have demonstrated the accuracy of this method through an example that has involved creating a constant temperature gradient.
